M.tb, which causes TB, is a host-adapted intracellular pathogen of macrophages. Macrophage intracellular PRRs, such as NOD proteins, regulate proinflammatory cytokine production in response to various pathogenic organisms. We demonstrated previously that NOD2 plays an important role in controlling the inflammatory response and viability of M.tb and Mycobacterium bovis BCG in human macrophages. Various inflammatory mediators, such as cytokines, ROS, and RNS, such as NO, can mediate this control. iNOS (or NOS2) is a key enzyme for NO production and M.tb control during infection of mouse macrophages; however, the role of NO during infection of human macrophages remains unclear, in part, as a result of the low amounts of NO produced in these cells. Here, we tested the hypothesis that activation of NOD2 by its ligands (MDP and GMDP, the latter from M.tb) plays an important role in the expression and activity of iNOS and NO production in human macrophages. We demonstrate that M.tb or M. bovis BCG infection enhances iNOS expression in human macrophages. The M.tb-induced iNOS expression and NO production are dependent on NOD2 expression during M.tb infection. Finally, NF-kB activation is required for NOD2-dependent expression of iNOS in human macrophages. Our data provide evidence for a new molecular pathway that links activation of NOD2, an important intracellular PRR, and iNOS expression and activity during M.tb infection of human macrophages.
Introduction
M.tb is the causative agent of TB, which afflicts ; ⅓ of the world's population and was responsible for 1.3 million deaths in 2012 [1] . The high incidence of death is attributed to an increase in HIV infection, increasing drug resistance, and the length/cost of drug treatment [2] . It is imperative to understand the mechanisms that underlie the survival of M.tb in humans to treat patients effectively for this disease, as well as create useful vaccines. Human macrophages serve as the host cell niche for M.tb but also aid in its clearance through finely tuned mechanisms. They use myriad defense mechanisms to protect the host, including the production of ROS/RNS, inflammatory cytokines and proteases, and phagosome acidification during activation [3] .
NLRs, a group of intracellular PRRs, are recognized by the peptidoglycan layer of Gram-negative and -positive bacterial cell walls [4] and activate cellular signaling events that induce the production of inflammatory mediators [5, 6] . NOD2 belongs to the NLR family and was originally found to recognize bacterial MDP. M.tb produces GMDP, and this change in a functional group (acetyl to glycolyl) enhances NOD2-mediated immune functions [7] . We showed recently that NOD2 plays an important role in regulating the inflammatory response and intracellular growth of M.tb in primary human macrophages [8] .
The contribution of NOD2 to the range of macrophage host defense mechanisms remains unclear; in particular, it is not known whether NOD2 activation mediates NO production, an effector of the innate immune system [9] . Resting immune cells lack iNOS (NOS2 gene product) required for NO production. A variety of extracellular stimuli from bacterial and fungal cellwall components can activate the cells to induce iNOS expression. TLR4 activation by LPS induces iNOS expression through the NF-kB-dependent pathway [10] , and cytokines, such as TNF, IL-1b, and IFN-g, activate iNOS expression [11] . NO and superoxide radicals are potent inhibitors of pathogen replication in the host environment [12] and also play a role in signaling during inflammation [13, 14] . Furthermore, IFNg-activated mouse macrophages costimulated with MDP induce NO production [15] , and MDP can induce iNOS expression in mouse macrophages [16] .
Little is known regarding the relationship of NOD2 and iNOS during M.tb infection. A study that uses IFN-g-activated, NOD2-deficient mouse macrophages showed a decrease in NO production in response to M.tb [17] . In the mouse model of TB, NO plays an important role in controlling M.tb growth [18] . However, it has been difficult to reproduce this response in human macrophages, which may be a result of known differences in the amount of NO produced by mouse and human macrophages, as well as a lack of sensitivity in the assays used [19] . There are also differences in the upstream signaling pathways of NO production between human and mouse macrophages [20] [21] [22] . Recent studies indicate that whereas low compared with mouse macrophages, human monocytes produce NO in response to M.tb [23] . Furthermore, clinical studies indicate that patients with TB have increased iNOS expression in the inflammatory zone of granulomas [24] , and alveolar macrophages from patients with TB have enhanced iNOS protein expression [25] .
Our recent finding that NOD2 controls M.tb growth in human macrophages [8] led us to ask whether NOD2 activation regulates iNOS expression and NO production in these cells. In support of this possibility, our previous study demonstrated that NOD2-deficient MDMs infected with M.tb have reduced TNF and IL-1b production. Such cytokines produced by various stimuli play a role in iNOS expression [26] . Here, we show that NOD2 agonists increase the expression of iNOS mRNA and protein, as well as NO production, in human macrophages. In concert with previous reports, we show that M.tb induces iNOS expression and NO production; however, we show for the first time in human macrophages that this phenomenon is NOD2 and NF-kB dependent. Together, these findings support a new role for NOD2 and further highlight its importance in the human macrophage response to M.tb infection.
MATERIALS AND METHODS

Buffers and reagents
D-PBS, TRIzol, and RPMI-1640 medium with L-glutamine containing phenol red or phenol red deficient were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). RHH medium (Invitrogen Life Technologies and CSL Behring, Kankakee, IL, USA) was used for cellculture experiments. MDP (Sigma-Aldrich, St. Louis, MO, USA), GMDP (InvivoGen, San Diego, CA, USA), and IFN-g (BD Biosciences, Mountain View, CA, USA) were used for assays involving iNOS expression and NO production. DAF-FM diacetate was purchased from Invitrogen Life Technologies for NO production assays. Accell scramble siRNA and NOD2 siRNA were purchased from Dharmacon RNAi Technologies (GE Healthcare; Lafayette, CO, USA). NF-kB inhibitor BAY 11-7085 was purchased from Cayman Chemical (Ann Arbor, MI, USA). 7H11 Agar was prepared with Bacto Middlebrook 7H11 agar, oleic acid-albumin-dextrose-catalase enrichment medium, and glycerol (Difco Laboratories, Detroit, MI, USA).
Antibodies
Unconjugated rabbit anti-human NOD2 was purchased from ProSci (Poway, CA, USA) and used under optimized conditions, as we have reported previously [8] . b-Αctin, goat anti-rabbit IgG-HRP, and donkey anti-goat IgG-HRP antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies specific for iNOS and NFkB-p65 were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-rabbit Alexa Flour -488 antibody was purchased from Invitrogen Life Technologies.
Bacterial strains and culture
Lyophilized M.tb H 37 R v (ATCC #25618) and M. bovis BCG (ATCC #35734) were obtained from the American Tissue Culture Collection (Manassas, VA, USA), reconstituted, and used as described [27] . The concentration of bacteria (1-2 3 10 8 bacteria/ml) and degree of clumping (#10%) were determined by counting in a Petroff-Hausser chamber. Bacteria prepared in this fashion are $90% viable by CFU assay.
Isolation and culture of human macrophages
Blood obtained from healthy purified protein derivative-negative human volunteers by use of an approved protocol by The Ohio State University Institutional Review Board was processed as described [28] . In brief, PBMCs were isolated from heparinized blood on a Ficoll-Paque cushion (Amersham Biosciences/GE Healthcare, Pittsburgh, PA, USA) and cultured in Teflon wells (Savillex, Eden Praire, MN, USA) for 1 (to isolate monocytes)-5 (to isolate MDMs) days in the presence of RPMI-1640 medium containing 20% autologous serum (2.0 3 10 6 PBMCs/ml) at 37°C/5% CO 2 [29] . The cells were harvested and plated in tissue-culture plates with 10% autologous serum for 2 h. Nonadherent cells were washed away, and the monocyte/MDM monolayers were maintained in RPMI containing 10% autologous serum. MDMs generated in this fashion are 99% positive for HLA-DR and 83% positive for CD14 [28] .
RNA isolation
Day 5 PBMCs in Teflon wells were harvested and mononuclear phagocytes adhered to tissue-culture plates with 10% autologous serum (4 3 10 6 PBMCs/ml). specificity and effects on monolayer density/viability were assessed, as we described previously [8] .
Macrophage stimulation/infection, cell lysis, and Western blotting Day 12 MDMs (for experiments without transfection) or day 5 MDMs transfected with scramble or NOD2 siRNA (4.0 3 10 5 ) for 72 h were incubated with M.tb or BCG (MOI 5:1; triplicate wells) in RHH for 30 min at 37°C in 5% CO 2 on a platform shaker for equal dispersion of bacteria, followed by an additional incubation for 90 min without shaking. The cells were then washed 3 times with warm RPMI, repleted with RPMI containing 1-2% human autologous serum, and incubated for 24 h. For NF-kB inhibitor experiments, MDMs were pretreated with BAY 11-7085 (10 mM) for 1 h and stimulated with MDP, GMDP, or IFN-g for 24 h. The monolayers were washed once with PBS, lysed in TN-1 lysis buffer [50 mM Tris (pH 8.0), 10 mM EDTA, 10 mM Na 4 PO 7 , 10 mM NaF, 1% Triton X-100, 125 mM NaCl, 10 mM Na 3 VO 4 , 10 mg/ml aprotinin, and 10 mg/ml leupeptin], placed on ice for 10 min, and then centrifuged at 17,949 g for 10 min at 4°C to remove cell debris [31] , or cells were lysed by use of TRIzol for RNA isolation. Pharmacological inhibition of NF-kB was confirmed by stimulating the cells with LPS (100 ng/ml) for 24 h, and cell-free culture supernatants were harvested and analyzed for TNF production by ELISA. For experiments that use the NOD2 agonists MDP, GMDP, or IFN-g, 4.0 3 10 5 day 5 MDMs were adhered to a 12-well plate for 2 h at 37°C in 5% CO 2 ,
washed to remove lymphocytes, and then incubated with MDP (5 mg/ml), GMDP (5 mg/ml), or IFN-g (10 ng/ml) for 24 h in RPMI containing 1% autologous serum. Cells were then lysed with TN-1 for Western blotting or TRIzol for RNA isolation to study iNOS expression. For NOD2 knockdown assessment, lysates were collected as above at 72 h or 96 h post-transfection of siRNA. Protein concentrations of the cleared lysates were measured by use of the bicinchoninic acid protein assay kit (Pierce, Life Technologies, Thermo Fisher Scientific). Proteins were separated by SDS-PAGE and analyzed by Western blot by probing with the primary and secondary antibodies of interest and development by use of ECL (Amersham Biosciences/GE Healthcare). All experiments were performed in triplicate with 3 or more donors.
NO assay by DAF-FM diacetate staining
MDMs (2 3 10 5 ) were adhered to glass coverslips in a 24-well, tissue-culture plate for 2 h at 37°C and washed to remove lymphocytes. The cells were treated with GMDP, IFN-g, or M.tb for 24 h in phenol red-free RPMI containing 1% autologous serum. At 24 h, cells were washed 1 time with warm phenol red-free RPMI and repleted with 5 mM/ml DAF-FM diacetate for 30 min at 37°C. Next, cells were washed with warm phenol red-free RPMI, 3 times, and left in the 3rd wash for 15 min at 37°C to allow for de-esterification of the dye. Finally, cells were fixed with 10% formalin (10 min at room temperature), washed with PBS, and mounted on glass slides, which were viewed by use of an Olympus FluoView FV1000 laser-scanning confocal microscope at an excitation/emissions maxima of 495/515 nm. Consecutive macrophages/test group (150-300) were counted, and MFI was calculated by use of Olympus FluoView FV1000 software.
Nitrite assay
MDMs (4 3 10 5 ) were plated in a 12-well, tissue-culture plate for 2 h at 37°C
and washed to remove lymphocytes. The cells were treated with GMDP or IFNg for 24 h in phenol red-free RPMI containing 1% autologous serum. After 24 h, cell culture supernatants were centrifuged to remove debris and used for the DAN assay, which was performed according to the method of Misko et al. [32] . In brief, DAN was dissolved in 0.062 N HCL at a concentration of 0.05 mg/ml. Cell culture supernatants (100 ml) were placed in 96-well plates in triplicate, and 10 ml DAN was added to each well and incubated for 10 min at room temperature. The reaction was stopped by adding 5 ml 2.8 N NaOH, and the plate was read on a Perkin-Elmer luminescence spectrometer (360/440 nm). Standard curves were generated by use of sodium nitrite from 0.04 to 10 mM in phenol red-free RPMI.
NF-kB-p65 translocation studies
Day 5 MDMs were transfected with scramble siRNA or NOD2 siRNA, incubated with 20% autologous serum for 72 h, and subsequently stimulated with MDP or GMDP for 2 h. MDM monolayers formed on coverslips were washed with PBS, fixed with 2% paraformaldehyde, and permeabilized with 100% methanol for 5 min at room temperature [33] . The cells were blocked overnight at 4°C in blocking buffer (D-PBS + 5 mg/ml BSA + 10% heat-inactivated FBS), incubated with antibodies against the NF-kB-p65 subunit, followed by incubation with the secondary rabbit antibody conjugated to Alexa Fluor 488. The permeabilized MDMs were incubated with rabbit IgG as the isotype control. MDM nuclei were labeled with 0.1 mg/ml DNA stain DAPI (Molecular Probes, Carlsbad, CA, USA) in PBS for 5 min at room temperature. After extensive washing in blocking buffer, the coverslips were dried and mounted on glass slides. NF-kB-p65 translocation was examined by confocal microscopy (Olympus FluoView FV1000 laser-scanning confocal microscope).
Statistics
In all cases, the number of independent experiments equals the number of different donors used (i.e., each experiment is performed with a different donor 
RESULTS
NOD2 agonists increase iNOS expression in human macrophages
We demonstrated previously that M.tb activates NOD2 and subsequent inflammatory cytokine responses and M.tb growth in macrophages-effects that were reversed following NOD2 knockdown [8] . These studies indicated that NOD2 is required for optimizing antimycobactericidal activity in human macrophages. NO production is an important innate immune response against M.tb. The link between NOD2 and RNS is suggested from the literature, and a microarray study of M.tb-infected control and NOD2 knockdown human macrophages performed in the laboratory suggested that iNOS expression is down-regulated following NOD2 knockdown (data not shown). Thus, we sought to determine whether NOD2 agonists induce iNOS mRNA in human macrophages. Results showed that MDP induces iNOS mRNA expression, and as predicted, GMDP did so to a greater extent (Fig. 1A) . IFN-g treatment induced a lower level of iNOS expression at the time-point studied. We next determined the amount of protein produced during MDM stimulation with NOD2 agonists. MDP and GMDP induced similar amounts of protein at the time-point studied (Fig. 1B) . IFN-g was used as a positive control for the ability of MDMs to induce iNOS protein [34] .We next investigated whether the GMDP and IFN-g-mediated up-regulation of iNOS protein is NOD2 dependent. Scramble and NOD2 siRNA-transfected MDM monolayers were incubated for 72 h to achieve maximum NOD2 knockdown and then incubated with GMDP or IFN-g for 24 h. We determined that NOD2 deficiency leads to a marked reduction in iNOS protein by GMDP and IFN-g (Fig. 1C) . The efficiency of NOD2 knockdown by siRNA was confirmed by Western blot (Fig. 1D) . Thus, iNOS expression and protein production are NOD2 dependent in human macrophages.
NOD2 activation regulates NO production in human macrophages
Next, we sought to confirm whether the iNOS expression that we observed in response to NOD2 agonists in MDMs resulted in NO production. It was observed previously that IFN-g-activated mouse macrophages stimulated with MDP led to NO production in a NOD2-dependent manner [17] . We used a membranepermeable, NO-sensitive fluorescent dye, DAF-FM diacetate, to measure NO production in human macrophages [35] . Our results demonstrate that GMDP and IFN-g stimulation enhances NO production in human macrophages (Fig. 2) . Figure 2A shows 2 representative microscopic images from MDMs stimulated with GMDP or IFN-g, and Fig. 2B shows that exposure of MDMs to GMDP or IFN-g for 24 h leads to a small but consistent and significant increase in NO production. We also determined the amount of nitrite produced in human macrophages during GMDP NOD2 activation by the DAN assay. Consistent with NO production, stimulation of MDMs with GMDP and IFN-g significantly enhanced the production of nitrite to 256.7 6 26.87 nM and 183.0 6 36.59 nM, respectively (Fig. 2C ). The result with IFN-g stimulation is similar to data reported previously by use of primary human alveolar macrophages [34] .
M.tb infection up-regulates iNOS expression in human macrophages
The attenuated M.tb strain H 37 R a enhances iNOS mRNA and protein expression, as well as NO production, in human alveolar macrophages of TB patients [36] , and the virulent strain Erdman induces NO production in human monocytes and monocytic cell lines [23] . We next determined whether virulent M.tb is able to induce iNOS expression in human macrophages. MDM monolayers were incubated with M.tb strain H 37 R v for 3, 6, or 24 h and then lysed for analysis of iNOS mRNA expression and protein production. Results from qRT-PCR show that M.tb induces iNOS mRNA expression at 6 and 24 h (Fig. 3A) . 
M.tb-mediated iNOS expression is dependent on NOD2
As we observed a decrease in iNOS expression upon stimulation of NOD2-deficient MDMs with the component of peptidoglycan found in M.tb (GMDP), we sought to determine whether NOD2 is responsible for the M.tb-induced iNOS expression. MDMs were transfected with scramble or NOD2 siRNA, and after 72 h of transfection, they were incubated with M.tb for 24 h. Cell lysates were generated for analysis of iNOS protein production. Our results show that NOD2 deficiency in human macrophages leads to a decrease in iNOS protein production (Fig. 4A ) during M.tb infection. Band intensities were determined by use of NIH ImageJ software and presented in Fig. 4B . Thus, our results indicate that NOD2 is an important mediator of iNOS expression during M.tb infection of human macrophages. We next determined whether M.tb-mediated induction of iNOS resulted in increased NO production in human macrophages. MDM monolayers were incubated with M.tb for 24 h and then exposed to DAF-FM diacetate to detect NO production. Our results show a significant increase in NO production in MDMs infected with M.tb (Fig. 5) .
NOD2-mediated up-regulation of iNOS requires NF-kB activation
Human iNOS gene expression is regulated by several transcription factors [37] , and which one(s) is used is dependent on the nature of the stimulus. There are 3 NF-kB binding sites in the human iNOS promoter. NOD2 activation by M.tb or its ligands MDP or GMDP enhances NF-kB transcription in human macrophages [8] . Thus, we next sought to determine whether NF-kB has a role in NOD2-mediated iNOS expression in our model. We Figure 1 . NOD2 activation regulates iNOS expression in human macrophages. MDM monolayers were treated with MDP (5 mg/ml), GMDP (5 mg/ml), or IFN-g (10 ng/ml) for 24 h; then, monolayers were lysed with TRIzol for extraction of total RNA or lysed with TN-1 lysis buffer for Western blot. (A) qRT-PCR was used to determine iNOS mRNA levels. Data were normalized to the b-actin gene, and RCN was determined. Shown are cumulative data from 5 independent experiments (mean 6 SEM; *P , 0.05; **P , 0.005). R, Resting group. (B) Equal amounts of cell lysates were analyzed for iNOS expression or loading control b-actin by Western blot. Shown is a representative experiment from 3 independent experiments. IB, Immunoblot. (C) Scramble or NOD2 siRNA-transfected MDM monolayers were incubated with GMDP (5 mg/ml) or IFN-g (10 ng/ml) in 1% autologous serum for 24 h. Cells were lysed with TN-1 buffer, and cell lysates were analyzed for iNOS production by Western blot and reprobed for b-actin as a loading control. Shown is a representative experiment of 3 independent experiments. NOD2 knockdown was confirmed by Western blot (D). Shown is a representative experiment of 3 experiments.
pretreated MDMs with the IkB kinase/NF-kB inhibitor BAY 11-7085 and subsequently incubated cells with the NOD2 ligands MDP or GMDP or IFN-g for 24 h. Cell lysates were analyzed for iNOS protein levels. Our results show that inhibition of NF-kB significantly reduces iNOS expression in human macrophages (Fig. 6A) . Pharmacological inhibition of NF-kB was confirmed by stimulating the cells with LPS, and cell-free culture supernatants were analyzed for TNF production by ELISA. The NF-kB inhibitor significantly decreased LPS-mediated TNF production (**P , 0.005; Fig. 6B ).
We confirmed NF-kB activation by NOD2 by use of confocal microscopy to assess NF-kB-p65 translocation to the nucleus. The results show that NOD2 deficiency in MDMs significantly reduces the translocation of NF-kB in response to MDP and GMDP (Fig.  6C ). This result is consistent with those shown in Fig. 1C . We also assessed NOD2-mediated activation of C/EBPb in our human macrophage model. The result indicated that NOD2 activation by MDP or GMDP does not increase expression or phosphorylation of C/EBPb (result not shown).
DISCUSSION
Whereas NOD2 is one of the most well-characterized members of the NLR family, there are limited reports on the functions of NOD2 in innate immune responses besides cytokine production. Recent reports indicate a role for NOD2 in autophagy and MHC class I and class II presentation [38] [39] [40] . We demonstrated previously that M.tb growth is controlled by NOD2 at an early time-point [8] , which led us to question whether other early innate-immune responses were being affected by NOD2. NO plays an important role in the innate-immune response to many bacterial infections. As NO production in macrophages relies on expression of iNOS, we elected to study the role of NOD2 in the iNOS signaling pathway as a result of its relevance to M.tb infection. Our studies show that NF-kB-mediated iNOS expression is dependent on NOD2 in human macrophages during M.tb infection and in turn, regulates NO production.
In the mouse model, iNOS is identified as a protective locus against TB. Mice deficient in iNOS succumb to infection within 33-45 days compared with wild-type mice that survive an average MDMs were washed and replenished with RPMI media without phenol red and subsequently incubated with GMDP or IFN-g for 24 h, and the culture supernatants were centrifuged to remove all cell debris. The cell-free culture supernatants were used to determine the level of nitrite produced. (B and C) Cumulative data of the MFIs for each test group obtained from 3 independent experiments (mean 6 SEM; *P , 0.05; **P , 0.005; ***P , 0.0005). of 160 days [18] . Large, granulomatous lesions were found in the lung, liver, and spleens at 30 days postinfection, whereas few were found in wild-type mice at this time-point. Similar results of mortality and tissue damage were found by use of the iNOS inhibitors, aminoguanidine and N G -monomethyl-L-arginine, in the mouse model [41] . The role of NO during M.tb pathogenesis in humans was a controversial topic in the past; however, there is now more evidence in the literature that supports its impact. Initial reports testing human cells for the production of NO were negative, as a result of the low amounts of NO produced by these cells and the use of insensitive assays. The use of a more sensitive assay with the fluorescent probe DAN, which detects as little as 10 nM nitrite, allowed researchers to detect nitrite in human monocytes incubated with M.tb [32] . Jagannath et al. [23] detected nitrite by use of the DAN assay and reported that M.tb is able to induce NO production in human monocytes and that the NO produced is bacteriostatic. Whether NO is bacteriostatic or bactericidal is dependent on the specificity of the RNS and strain of mycobacteria [42] [43] [44] . Although the mechanism has not been identified, the ability of M.tb to resist the effects of RNS is a result of a novel gene, noxR1 [45] . It is interesting to note that iNOSdeficient mice treated with the same drugs that cure M.tbinfected, immunocompetent mice are ineffective. This suggests that the effectiveness of tuberculocidal drugs in vivo may be dependent on iNOS-derived NO [12] . The precise mechanism(s) underlying how NO antagonizes M.tb are unknown; however, it may include disruption of bacterial DNA, proteins, signaling, or induction of apoptosis. As we found recently that NOD2 is an important modulator of the immune response to M.tb and is necessary to control its growth in primary human macrophages, and the literature in the mouse model indicates that NOD2 may play a role in NO production in response to M.tb, we studied whether NOD2 plays a role in the expression of the necessary mediator of NO production-iNOS. Our results provide evidence that MDP induces iNOS mRNA at 24 h, and the M.tb-produced agonist GMDP induces more robust mRNA expression. This was predicted, as comparative studies of MDP and GMDP indicate that GMDP is a more robust stimulator of the immune response [7] .
mRNA expression values do not often translate to the amount of protein synthesized in eukaryotic cells, so we explored the ability of NOD2 agonists to induce iNOS protein expression in human macrophages. Our findings demonstrate that NOD2 agonists are effective at inducing iNOS protein expression and at the same level as a known inducer of iNOS in human alveolar macrophages and IFN-g-stimulated cells [34] . These NOD2 agonists are known to induce the production of the proinflammatory cytokines, TNF and IL-1b. Our laboratory has shown that the M.tb-induced cytokine production is NOD2 dependent in human macrophages [8] . Alveolar macrophages from TB patients produce TNF and IL-1b at a higher level than healthy patients, and the use of an inhibitor of NO led to a reduction in TNF and IL-1b [46] . It is known that iNOS expression can be induced by proinflammatory cytokines [47, 48] . The lack of these cytokines being produced is a possible reason why iNOS is not expressed when NOD2 is deficient.
To evaluate directly the role of NOD2 in regulating iNOS expression, we used a well-established method in our laboratory to knock down NOD2 in human macrophages [8] . To date, the role of NOD2 in iNOS and NO production has relied solely on the use of primary mouse macrophages or the iNOS knockout mouse model [15] [16] [17] . Our results show that NOD2 is necessary to induce protein expression of iNOS and subsequent NO production in human macrophages. NO is an effective hostdefense molecule against microbial pathogens. NO can damage DNA as well as interact with accessory protein targets and result in enzymatic inactivation [49] . With the use of a compound that is nonfluorescent until it binds NO to form a fluorescent benzotrizole, we found that the GMDP-induced iNOS expression consequently results in NO production. As GMDP is a metabolite of the M.tb cell wall, it is possible that it is an important mediator of M.tb-induced iNOS expression and NO production.
Our results are consistent with previous findings that M.tb enhances iNOS expression. However, here, we compare virulent M.tb to the attenuated vaccine strain, BCG. We observed that M.tb and BCG induce iNOS at 24 h, but M.tb enhances iNOS expression at a greater level when compared with BCG. However, the levels decrease at 72 h for both strains. In this study, we were able to confirm that the M.tb-induced iNOS expression results in NO production by use of a different technique than published previously (DAF-FM diacetate). This NO could potentially be bacteriostatic or bactericidal, as mentioned previously. Human alveolar macrophages isolated from patients with fibrosis and challenged with BCG for 24 h displayed enhanced iNOS expression. This led to peroxynitrate production and the subsequent killing of BCG [50] .
Previous reports have shown that human iNOS gene expression is regulated by several transcription factors, such as NF-kB, AP-1, C/EBPb, and Stat1 [37] . Our results provide evidence that NOD2 activation induces iNOS expression through NF-kB. Inhibition of NF-kB in human macrophages significantly reduces iNOS protein expression in response to the NOD2 agonists MDP and GMDP. This was confirmed further by knockdown of NOD2, which impairs NF-kB-p65 translocation, required for iNOS expression. Our results indicate that C/EBPb is not activated by MDP or GMDP in human macrophages.
We show for, the first time, that iNOS induction by M.tb in human macrophages is NOD2 dependent. This cytosolic PRR is an important protein in the iNOS signaling pathway, which leads to NO production. The role of a PRR in the induction of an inflammatory mediator, such as iNOS, is not reported in human macrophages. In mouse macrophages, iNOS expression is mediated by TLR4 in MyD88-dependent and -independent manners [51] ; however, this pathway for iNOS has not been reported in human macrophages. For example, in mouse macrophages, bacterial lipoprotein activation of TLR2 leads to NO-dependent killing of M.tb, but in human alveolar macrophages, and monocytes, the TLR2-activated antimicrobial pathway was found to be NO independent [52] . Our finding is important, as it identifies a cytosolic PRR potentially involved in the antimicrobial killing effects of NO. NOD2 is thought to be a secondary line of defense in macrophages to fight bacteria that are able to avoid the initial host-defense mechanisms at the surface, but now, these data suggest an even more important role Figure 6 . NOD2-mediated NF-kB activation is required for iNOS expression in human macrophages. Day 5 MDMs were pretreated with the NFkB inhibitor BAY 11-7085 for 30 min and subsequently stimulated with MDP (5 mg/ml), GMDP (5 mg/ml), or IFN-g (10 ng/ml) for 24 h. (A) Cells were lysed with TN-1 buffer, and whole-cell lysates were analyzed for iNOS protein levels by Western blot by use of iNOS antibody or b-actin antibody as a loading control. Shown is a representative experiment of 2 independent experiments. (B) In parallel, NF-kB inhibitor-treated cells were stimulated with LPS (50 ng/ml) for 12 h. Cell culture supernatants were used to measure TNF production by ELISA. Shown is a representative experiment (mean 6 SD of triplicate samples, n = 2, **P , 0.005). (C) Day 5 MDMs were transfected with scramble or NOD2 siRNA and plated on coverslips after 72 h. Cells were stimulated with MDP, GMDP, or left untreated for 6 h, fixed and permeabilized, and stained with NF-kB-p65 antibody or isotype control, followed by Alexa Flour 488-conjugated secondary antibody. The nuclei were stained with DAPI. Cells were then examined by confocal microscopy for NF-kB p-65 translocation. Shown are representative images from 2 independent experiments. NOD2 knockdown was confirmed by Western blot (D). Shown is a representative experiment of 2 experiments.
for this receptor in inducing a pathway that results in bacterial killing. This is of particular importance during M.tb infection, where the bacteria are able to modulate the host-immune response and reside in a unique phagosome. Clinical samples have high levels of iNOS expression in the inflammatory zone surrounding tuberculous granulomas, and NOD2 could be the mechanism for this expression [24] .
Patients with Crohn's disease have inflamed mucosa. They are homozygous for the 3020insC NOD2 mutation (loss of function) and are reported to have enhanced iNOS expression and NO production in the active mucosa [53] . This appears to be somewhat contradictory to the results in this manuscript, as NOD2 knockdown led to decreased iNOS expression. However, the enhanced iNOS expression and NO production in Crohn's disease patients are likely a result of other infiltrating cells, such as neutrophils or epithelial cells, found in the area. It has been shown that elicited but not circulating neutrophils produce larger amounts of NO [54, 55] . Furthermore, we show here that NOD2 is important in iNOS expression. However, we did not study endothelial NOS, which is expressed in cultured human bronchiolar epithelium and also responsible for NO production [56] . These reasons could explain why patients with Crohn's disease have increased iNOS and NO levels.
In summary, we provide further evidence that human macrophages are able to produce NO and show, for the first time, that NO production is dependent on NOD2-induced expression of iNOS. The transcription factor NF-kB is required for NOD2-mediated iNOS expression in human macrophages. Finally, we provide evidence that the cytosolic PRR, NOD2, is a mediator of iNOS production in response to M.tb. These findings uncover a new mechanism for how NOD2 plays a role during M.tb pathogenesis and point toward GMDP as being clinically useful for controlling M.tb infection in an NO-dependent manner. 
